Closed bipolar electrochemistry in a four-electrode configuration by Gamero-Quijano, Alonso et al.
Phys. Chem. Chem. Phys.  
PERSPECTIVE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  
Please do not adjust margins 
Please do not adjust margins 
Received 00th January 20xx, 
Accepted 00th January 20xx 
DOI: 10.1039/x0xx00000x 
www.rsc.org/ 
Closed Bipolar Electrochemistry in a Four-Electrode Configuration 
Alonso Gamero-Quijano,a Andrés F. Molina-Osorio,a Pekka Peljob and Micheál D. Scanlona,c* 
Closed bipolar electrochemistry in a 4-electrode configuration is a highly versatile, but under-utilized, technique with major 
potential to emerge as a powerful methodology impacting areas as diverse as spectro-electroanalysis, energy storage, 
electrocatalysis and electrodeposition. In this perspective, we provide the thermodynamic framework for understanding all 
such future applications of closed bipolar electrochemistry in a 4-electrode configuration. We distinguish the differences 
between open and closed bipolar electrochemical cells. In particular, the use of the 4-electrode configuration in both open 
and closed bipolar electrochemical cells with immiscible aqueous-organic solutions is outlined. A comprehensive overview 
of the influence of external bias on the thermodynamics underpinning electron transfer from an organic redox couple to an 
aqueous redox couple, or vice versa, by electrons flowing along a conducting bipolar electrode serving as an electronic bridge 
is provided. Fermi level equilibration between redox species at opposite poles of a bipolar electrode under external bias is 
discussed. The concept of the Line of Zero Overpotential (LZO) on the bipolar electrode at steady-state conditions under an 
external bias is introduced. The influence of a series of experimental variables (redox potential of each redox couple, rate 
constant of electron transfer at each pole, an excess bulk concentration of one redox couple over the other, and areas of 
the poles of the bipolar electrode in contact with each electrolyte solution) on the final position of the LZO on the bipolar 
electrode is highlighted. A cyclic voltammogram obtained using a closed bipolar electrochemical cell in a 4-electrode 
configuration with immiscible aqueous-organic electrolyte solutions is explained using the thermodynamic theory detailed 
throughout the perspective. The theory presented herein is equally applicable to a closed bipolar electrochemical cell in a 
4-electrode configuration with aqueous electrolyte solutions, each containing redox active species, in both compartments 
connected by a bipolar electrode.
1. Introduction to open and closed bipolar 
electrochemical cells 
A bipolar cell typically consists of two (or more) “driving 
electrodes” connected to a power source and a wireless bipolar 
electrode (BPE) in solution, free of any external electrical 
connection. External bias of the driving electrodes induces an 
electric field in the solution, with the potential gradient varying 
along the length of the BPE. The isolated BPE has a floating 
potential.1 Thus, the magnitude of the interfacial potential 
difference between the BPE and the solution varies as a 
function of location across the BPE, in parallel to the driving 
electric field, and drives electrochemical reactions at the 
surface of the BPE.2 With sufficient external bias, a significant 
potential difference may be established between the two ends 
of the BPE. This leads to poles of opposite overpotential, i.e., 
anodic and cathodic regions, on the BPE with asymmetric 
Faradaic reactions (oxidation and reduction, respectively) 
occurring at either end.3 The versatility of the bipolar 
configuration has been demonstrated by its use in a variety of 
fields such as spectro-electroanalysis,4–6 energy storage,7–9 
electrocatalysis,10–12 electrografting,13–15 and 
electrodeposition.16–18 
Bipolar electrochemistry can be carried out in two primary 
configurations, either with an open bipolar electrochemical cell 
(OBPEC) or a closed bipolar electrochemical cell (CBPEC). The 
BPE in an OBPEC is located in a single electrolyte solution and, 
on establishment of a sufficient potential difference between 
the two poles of the BPE, an electrochemical current is 
produced either as a flow of electrons along the BPE (electronic 
pathway) or as the movement of ions in the electrolyte solution 
(ionic pathway). Therefore, to maximize the flow of electrons, it 
is necessary to use a conductive BPE in a resistive electrolyte 
solution, the classic example being the body of work by Kuhn 
and co-workers with Janus nanoparticles in the presence of a 
bias over 10 V.19 Meanwhile, in a CBPEC, the two poles of the 
BPE simultaneously contact two electrolyte solutions, each with 
one driving electrode, that are spatially separated in distinct 
compartments.20,21 Thus, the electrochemical current may only 
pass through the BPE as a flow of electrons, with the ionic 
pathway being totally eliminated.22,23 Furthermore, the CBPEC 
configuration provides a new level of flexibility in terms of 
experimental design as different electrolyte solutions with 
diverging chemical compositions (nature of the solvent and 
solute), can be implemented in the two separate compartments 
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and subjected to distinct experimental conditions (pH, 
temperature, exposure to light, etc.). These advantages of the 
CBPEC configuration have seen interest spike in this topic for 
applications ranging from the spatial separation of hydrogen 
and oxygen gas produced in water electrolyzers,7 the in 
operando investigation of electrical coupling between 
Photosystem 1 and Photosystem 2,24 and the development of 
an electrochromic sensor for multiplex detection of 
metabolites.25 
2. 4-electrode open and closed bipolar 
electrochemical cells with immiscible aqueous-
organic electrolyte solutions 
A key issue in bipolar electrochemistry is optimization of the 
potential applied to the driving electrodes to achieve the 
desired polarization of the BPE, and thereby initiate 
electrochemical reactions at the anodic and cathodic poles. The 
latter may be achieved for an OBPEC configuration by careful 
preliminary characterization of the redox systems involved 
using a conventional 3-electrode electrochemical cell.26 
However, for a CBPEC, the use of a 4-electrode configuration is 
optimal with each separate compartment containing both a 
driving electrode and a reference electrode.20,21,27 Specifically, 
in one compartment the driving and reference electrodes are 
connected to the counter and reference terminals, respectively, 
of the potentiostat, while in the other compartment the driving 
and reference electrodes are connected to the working and 
sensing terminals, respectively. 
The 4-electrode configuration has been successfully 
employed to achieve bipolar electrochemistry using immiscible 
aqueous-organic electrolyte solutions both in an OBPEC 
configuration and in a CBPEC configuration (Scheme 1). A 
unique feature of using immiscible aqueous-organic solutions is 
the requirement to use an “organic reference solution” to 
stabilize the organic reference electrode and eliminate 
potential shifts (Scheme 1).28 The latter involves immersing a 
metallic Ag/AgCl electrode in an aqueous solution of chloride. 
This aqueous chloride solution contacts the organic phase and 
must have a counter-ion that is the same as the cation in the 
organic phase. The common cation partitions at the interface 
formed between the organic reference solution and organic 
phase, known as the reference interface, equilibrates and sets 
up an interfacial potential difference. Therefore, during a 
potentiodynamic experiment (cyclic voltammetry for example), 
the potential applied between the two reference electrodes is 
the sum of two contributions, the Galvani potential difference 
between the two phases (𝑜
𝑤), and the potential difference 
between the organic reference solution and the organic 
phase.28 
In the OBPEC configuration, the “wireless BPE” takes the 
form of conductive catalytic nanoparticles (NPs) or 
microparticles floating at the immiscible aqueous-organic 
interface in a 4-electrode electrochemical cell originally 
designed for electrochemistry at the interface between two 
immiscible electrolyte solutions (ITIES).29 Effectively, these 
conductive floating BPEs facilitate catalysis via direct interfacial  
 
Scheme 1 Simplified schematics of the 4-electrode open bipolar electrochemical cell 
(OBPEC) and 4-electrode closed bipolar electrochemical cell (CBPEC) configurations with 
immiscible aqueous-organic electrolyte solutions. In both configurations, each phase 
contains a platinum wire driving electrode and a silver/silver chloride (Ag/AgCl) pseudo-
reference electrode. The bipolar electrode (BPE) in each configuration is illustrated in 
green. In the CBPEC configuration, the BPE consists of electron conductors in each 
compartment (for example, platinum, gold, or glassy carbon electrodes) connected to 
each other by an electric wire. “A” and “D” are redox active electron acceptor and donor 
species, respectively, of differing solubility. In this instance, “A” is a highly hydrophilic 
species and “D” is a highly lipophilic species. 
electron transfer (through Fermi level equilibration)30 between 
a lipophilic redox species in the organic phase and a hydrophilic 
redox species in the aqueous phase, e.g., a lipophilic donor (D) 
and a hydrophilic acceptor (A) redox species as in Scheme 1. 
Floating BPEs have been prepared from films of metallic 
NPs,29,31,32 carbon nanomaterials (e.g., graphene, carbon 
nanotubes or their nanocomposites),33–35 and inorganic 
nanomaterials (e.g., MoS2).36–38 The Fermi level of the floating 
BPE, and therefore the rate and direction of the interfacial 
electron transfer reaction, can be adjusted by varying 𝑜
𝑤 at 
the ITIES. The latter is known as “redox electrocatalysis” and has 
been reviewed in depth recently.39,40 Using this approach, the 
catalysis of interfacial electron transfer between a lipophilic 
electron donor redox couple, ferrocenium cation/ferrocene 
(Fc+/Fc), and the hydrophilic electron acceptor redox couple, 
ferri-/ferrocyanide ([Fe(III)(CN)6]3–/Fe(II)(CN)6]4–), has been 
studied.29 Additionally, the reduction of either dissolved O2 to 
hydrogen peroxide and water31,41 or aqueous protons to H2 
gas42,43 has been achieved by interfacial electron transfer from 
various lipophilic ferrocene-derivatives. Redox electrocatalysis 
of O2 reduction was also utilized to study platinum NP impacts 
upon a microscopic immiscible aqueous-organic interface.44 
During each impact event, the individual platinum NPs act as 
transient BPEs facilitating redox electrocatalysis and thereby 
extending the field of NP impact studies to encompass polarized 
immiscible aqueous-organic interfaces.44 
By comparison, considerably fewer studies have been 
performed using immiscible aqueous-organic electrolyte 
solutions in a 4-electrode CBPEC configuration. The pioneering 
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work in this area was performed by Hotta et al. who studied 
electron transfer between lipophilic Fc+/Fc in nitrobenzene and 
aqueous [Fe(III)(CN)6]3–/Fe(II)(CN)6]4– by cyclic voltammetry.27 The 
acronym “ECSOW” meaning “electron conductor separating oil-
water” was chosen for these experiments. The BPE consisted of 
two platinum disk electrodes, one in each compartment, 
connected with an electric wire. In the 4-electrode CBPEC 
configuration with immiscible aqueous-organic solutions, the 
BPE is not connected to the potentiostat, so its internal 
potential is electrically ‘‘floating’’. Nonetheless, the electric 
currents flowing through the surfaces of the opposite poles of 
the BPE should be identical.27 Other systems investigated 
include the electrodeposition of gold NPs by electron transfer 
from the lipophilic reductant triphenylamine to aqueous gold 
chloride precursor molecules,45 and O2 reduction in the 
aqueous compartment by electron transfer from lipophilic 
ferrocene-derivatives.31,32 Furthermore, in related studies, Nishi 
and co-workers employed the 4-electrode CBPEC configuration 
to study electron transfer from decamethylferrocene dissolved 
in a superhydrophobic ionic liquid to aqueous gold or platinum 
chloride precursor molecules.46,47 
Without exception, the motivation to perform experiments 
using immiscible aqueous-organic electrolyte solutions in a 4-
electrode CBPEC configuration has been to provide mechanistic 
insight into the analogous interfacial electron transfer events 
taking place at the ITIES. In this regard, the CBPEC configuration 
significantly simplifies the biphasic experimental system by 
eliminating both the ionic pathway to conduct the 
electrochemical current and the partitioning of neutral species 
between the phases (see Scheme 1). However, as major 
fundamental differences between the systems exist, caution 
must be taken when extrapolating any insights from the CBPEC 
configuration to experimental findings at the ITIES. For 
example, while electron transfer between hydrophilic and 
lipophilic redox couples in a 4-electrode CBPEC configuration is 
thermodynamically equivalent to the corresponding interfacial 
electron transfer event at the ITIES, they may differ significantly 
from a kinetic viewpoint.27 Thus, an electrochemically reversible 
redox reaction in the CBPEC configuration may be quasi-
reversible or irreversible at the ITIES. Typically, the 
overpotential required to initiate electron transfer will be 
greater at the ITIES than in the CBPEC configuration. This is 
because a liquid-liquid junction with a mixed solvent region, i.e., 
back-to-back diffuse double-layers, does not possess the same 
metallic behavior, with well-defined inner and outer double-
layer regions, as is the case at the surface of each pole of the 
BPE in the CBPEC configuration. Thus, the onset potential for 
electron transfer between the two redox species on the Galvani 
potential scale recorded in the CBPEC configuration can only be 
used as a loose indicator of interfacial electron transfer 
occurring within the narrow ~1 V polarizable potential window 
available at the ITIES. Indeed, Hotta et al. recorded reversible 
CVs in the CBPEC configuration indicating electron transfer 
between Fc+/Fc in nitrobenzene and aqueous [Fe(III)(CN)6]3–
/Fe(II)(CN)6]4– was thermodynamically feasible and possibly 
observable within the polarizable potential window at the 
ITIES.27 However, with the aid of simulations, it has been shown 
that this thermodynamically expected interfacial electron 
transfer event does not take place at the ITIES.48,49 Instead, 
electron transfer proceeds almost solely by the partitioning of 
neutral Fc followed by homogeneous electron transfer in the 
aqueous phase, and finally by the transfer of Fc+ into the organic 
phase.48,49 The latter ion transfer event at the ITIES generates a 
current within the polarizable potential window that may be 
easily confused with the current expected for interfacial 
electron transfer. 
The interpretation of CVs for a 4-electrode CBPEC system is 
non-trivial as their features are determined by factors that 
influence the redox processes at both poles of the BPE 
simultaneously. As discussed in detail in Section 4, examples of 
factors that may introduce significant asymmetry in the redox 
processes occurring at each pole of the BPE are the redox 
potential of each redox couple, the rate constant of electron 
transfer at each pole, the presence of an excess bulk 
concentration of one redox couple over the other, and the 
relative areas of the poles of the BPE in contact with each 
electrolyte solution. In this regard, future studies involving finite 
element simulations of the full bipolar system will be essential 
to truly elucidate the observed, or expected, electrochemical 
response. 
Closed bipolar electrochemistry in a 4-electrode 
configuration with immiscible aqueous-organic electrolyte 
solutions is an under-utilized technique with major potential to 
emerge as a powerful new methodology for electroanalysis. To 
date the use of BPEs for electroanalysis has primarily been 
concerned with all-aqueous based systems, both in the OBPEC 
and CBPEC configurations. The basic electroanalytical operating 
principle involves one pole of the BPE being the sensing device 
and the other pole being the reporting device.50 At the opposite 
poles of the BPE, the currents for the oxidation and reduction 
half-reactions (discussed in detail vide infra) are equal and, thus, 
the signal generated at the reporting pole is an accurate 
reflection of the processes occurring at, and the state of, the 
sensing pole. A major distinguishing factor of using BPEs in 
electroanalysis is the decoupled nature of the sensing and 
reporting elements of the device. The reporting signal to date 
has primarily been the detection of an optical signal generated 
by the oxidation half-reaction, with the sensing being through 
the reduction half-reaction. Examples of the reporting signal 
include electrochemiluminescence (ECL),51–53 
electrochromism,54–56 and electro-fluorescence.57,58 
Furthermore, the BPE can be miniaturized to the nanoscale, 
opening up opportunities for novel single molecule detection 
strategies.59–61 
A major obstacle to the widespread adoption of closed 
bipolar electrochemistry in a 4-electrode configuration 
(especially with immiscible aqueous-organic electrolyte 
solutions) is the absence of a commercially available, easy-to-
use electrochemical cell. In this regard, Colina and co-workers62 
fabricated a novel, highly versatile bipolar device consisting of a 
single conductor contacting droplets of two separate 
electrolyte solutions. This device was coupled with UV/vis and 
Raman spectroscopy and used to spectro-electrochemically 
monitor electron transfer between species in each electrolyte 
droplet, e.g., between two aqueous redox couples, tris(2,2′-
Perspective Phys. Chem. Chem. Phys. 
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bipyridine)ruthenium and potassium hexacyanoferrate, or 
redox couples in different solvents, such as 1,1′-
dimethylferrocene in 1,2-dichlorobenzene and aqueous 
potassium hexacyanoferrate. 
Further perspective uses of bipolar electrochemistry in a 4-
electrode CBPEC configuration include the development of 
novel photo-electrochemical and pseudo-capacitive systems. 
Photo-induced interfacial electron transfer has been 
comprehensively investigated at the ITIES.63 Electron transfer 
between certain redox species dissolved in the organic phase 
(e.g., dimethylferrocene) and those in an aqueous phase (e.g., 
dissolved oxygen) may proceed under illumination via a 
photoactive species at the ITIES. The latter were typically either 
a porphyrin,64–67 semiconductor,68–70 or dye-sensitized 
semiconductor.71 Such experiments in a 4-electrode CBPEC 
configuration will be possible by sensitizing one of the poles of 
a BPE with such photoactive species, and dissolving appropriate 
redox species in each phase. An input of energy from light, in 
conjunction with polarizing the 4-electrode CBPEC system, must 
be required to facilitate electron transfer along the BPE. In other 
words, electron transfer between the redox species in the 
separate electrolyte solutions should be thermodynamically up-
hill to ensure the conversion of light energy to chemical 
energy.72 
Dryfe and co-workers demonstrated the interfacial doping 
of single-walled carbon nanotube (SWCNT) films at the ITIES in 
a 4-electrode OBPEC configuration to create a novel liquid-
liquid pseudo-capacitor.73 The concept involves interfacial 
electron transfer between a redox species dissolved in the 
organic phase (dimethylferrocene) and one in the aqueous 
phase ([Fe(III)(CN)6]3–/Fe(II)(CN)6]4–) via the SWCNT film. In situ 
Raman spectroscopy supported the hypothesis of 
electrochemical doping of the interfacial SWCNT film due to the 
charge transfer. Thus, novel pseudo-capacitors may be 
developed by immobilizing nanoscopic SWCNT films on one 
pole of the BPE, dissolving the appropriate redox species in each 
compartment, and polarizing the resulting 4-electrode CBPEC 
system to drive electron transfer along the BPE. 
The ability to use a 4-electrode CBPEC with redox species 
dissolved in the same solvent in each compartment or in 
immiscible aqueous-organic solutions requires a thorough 
knowledge of the thermodynamics and kinetics of the half-
reactions occurring at opposite poles of the BPE in each 
compartment. Thus, the primary aim in the remainder of this 
perspective is to provide a comprehensive overview of the 
influence of external bias on the thermodynamics underpinning 
electron transfer between redox species spatially separated in 
different compartments, along a conducting BPE. 
3. Fermi levels of the electrons of the redox 
couples in solution and maintaining 
electroneutrality in each phase with a 4-
electrode closed bipolar electrochemical cell 
In this section we discuss the concept of the Fermi levels of the 
electrons of the redox couples in solution in each compartment 
and the mechanism of maintaining electroneutrality in each 
phase as electrons flow from one compartment to the other 
along the BPE under external polarization with a 4-electrode 
CBPEC configuration (see Scheme 2). 
The Fermi level in solution (S) of a redox couple (Ox/Red), 
𝐸F,Ox/Red
S , is the work to bring an electron from vacuum (zero 
energy) onto the redox couple in solution (negative energy).30,40 
𝐸F,Ox/Red
S  is the electrochemical potential of an electron in 
Ox/Red in solution S, ̃𝑒−
S , and, with the aid of a virtual redox 
reaction (OxS + 𝑒
−,S ⇌ RedS), can be defined as the difference 




S ). Meanwhile, from the 
Nernst equation, the standard redox potential of the redox 
reaction with an electron at rest in vacuum (OxS + 𝑒
−,V










⊖,S      (1) 
where AVS is the absolute vacuum scale and the superscript ⊖ 
refers to the standard state. Therefore, 𝐸F,Ox/Red








− 𝑒S     (2) 
where S = S + S, with S being the Galvani (inner) potential 
of the phase S composed of S, the surface potential, and S, 
the outer potential, of solution S. ̃𝑒−






S − 𝑒S = 
𝑒−
S − 𝑒(S + S) = 𝑒−
S − eS  (3) 
with 𝑒−
S = 𝑒−
S − 𝑒S . If solution S has no surface charge then 
S = 0, and ̃𝑒−
S  equates to the real chemical potential (𝑒−
S ). 
Thus, the real chemical potential of an electron in a redox 
couple (Ox/Red) is the work to bring an electron into an 
uncharged solution S, i.e., equivalent to the negative of the 
work function of solution S, 𝑒−
S = −S. In the case of a system 
with multiple redox couples, all redox active species are in 
equilibrium, and typically one redox species in excess will 
dominate the Fermi level in solution S. 
Let us consider a heterogeneous redox reaction between 
two redox couples, one in the aqueous compartment (w) and 
the other in organic compartment (o), via the BPE that 
electronically connects each solution. Overall, the 





𝑛w−      (4) 
where Aw
0  and Aw
𝑛w− are the oxidized and reduced forms of the 
aqueous electron acceptor, Do
0  and Do
𝑛o+ are the oxidized and 
reduced forms of the organic electron donor, and 𝑛w and 𝑛o are 
the number of electrons exchanged for the aqueous and organic 
redox couples, respectively. The overall reaction is considered 
as oxidation and reduction half-reactions proceeding at 
opposite poles of the BPE in the organic (BPEo) and aqueous 










𝑧      (6) 
where 𝑧 is the charge on the poles of the BPEs. At equilibrium, 














w  is given by the Nernst equation and 
the Galvani potential of water (known as the inner potential, 

w) on the AVS taking the electron at rest in the vacuum as the 
origin (in kJ·mol–1; note that Eqns (1) to (3) are in terms of one 
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Scheme 2 Detailed schematic of the 4-electrode closed bipolar electrochemical cell 
(CBPEC) configuration with immiscible aqueous-organic electrolyte solutions as the 
Galvani potential difference between the aqueous and organic phases (o
w) is biased 
positively by the potentiostat. The schematic highlights the terminals of the potentiostat 
connected to each driving or reference electrode, the build-up of electrochemical 
double-layers at each electrode surface and the redox reactions at each pole of the 
bipolar electrode immersed in the aqueous and organic electrolyte solutions, and the 
redox reactions taking place at the surface of each driving electrode to maintain 
electroneutrality in each phase at all times. 
species, while from Eqn (7) onwards the equations are 



































= 4.44 V is the potential of the standard 







 is the 
standard redox potential of the aqueous electron acceptor, 𝑛w 





are the bulk concentrations of the oxidized and reduced forms, 
respectively, of the electron acceptor in the aqueous solution 
and, finally, w the Galvani (inner) potential is defined by w =
w + w, where w is the surface potential and w is the outer 
potential of the aqueous phase. It is not possible to measure the 





w  is not known. However, using a 4-electrode 
electrochemical cell, it is possible to control the Galvani 
potential difference (o



































Electron flow along the BPE only takes place from a higher 









w . However, even when the latter 
thermodynamic requirement is satisfied, without external bias 
of the driving electrodes in each phase no current flows from 
one pole of the BPE to the other. Current may only flow along 
the BPE in a CBPEC configuration if a mechanism is in place to 
compensate the loss of charge from one compartment and the 
commensurate gain of charge in the other compartment. In 
other words, for electrons to flow along the BPE, 
electroneutrality must be maintained in each compartment at 
all times (see Scheme 2). 
Typically, in electrochemical systems such as Galvanic cells, 
electroneutrality is maintained by introducing a salt bridge. 
Thus, the equilibrium potential difference between the redox 
couples in both compartments drives an electronic current 
between the electrodes in each phase, with an ionic current of 
identical magnitude but opposite direction flowing across the 
salt bridge. Conceptually, the two compartments in the 4-
electrode CBPEC system may be considered as two back-to-back 
3-electrode electrochemical cells connected by an electronic 
bridge, i.e., the BPE. The pole of the BPE in each electrolyte 
solution acts as a working electrode, with the driving electrode 
in each electrolyte solution acting as a counter electrode. In a 3-
electrode cell, for current to flow at the working electrode, 
external polarization is required to drive the opposite redox 
process at the counter electrode. In this way, the 
electroneutrality of the electrolyte solution is maintained while 
current flows simultaneously at both the working and counter 
electrodes. Analogously, in the 4-electrode CBPEC, external 
polarization of the driving electrodes is required to maintain 
electroneutrality. Thus, when electrons flow along the BPE, 
electroneutrality is maintained in each compartment 
throughout by redox reactions occurring at the surface of each 
driving electrode (see Scheme 2). Consequently, if a reduction 
reaction occurs at the negative pole of the BPE, an oxidation 
reaction will occur at the driving electrode in that compartment. 
For the 4-electrode CBPEC with immiscible aqueous-organic 
solutions, the organic driving and reference electrodes are 
connected to the counter and reference terminals of the 
potentiostat, respectively, while the aqueous driving and 
reference electrodes are connected to the working and sensing 
terminals, respectively (see Scheme 2). The potentiostat 
monitors o
w between the reference electrodes at the sensing 
(which senses w) and reference (which senses o) terminals. 
o
w is controlled externally by independently “driving” current 
through the driving electrodes at the counter and working 
terminals (and thus changing their potentials) to vary o relative 
to w, respectively. 
Positive external polarization of o
w means w shifts 
positively with respect to o, or o shifts negatively with respect 
to w. This may be achieved by applying the needed external 
voltage between the driving electrodes, such that the required 
potential difference between the sensing and reference 
electrodes, i.e., o
w, is satisfied. Consequently, in the aqueous 
phase, the positive charge at the surface of the driving electrode 
is compensated by the build-up of an electrochemical double-
layer rich in anions. Meanwhile, in the organic phase, the 
opposite trend occurs, with an electrochemical double-layer 
rich in cations building up at the surface of the driving electrode. 
The polarized driving electrodes induce redox reactions at their 
surfaces. Thus, a molecule M (solvent, electrolyte or redox 
active molecule), will be oxidized to M+ at the surface of the 
aqueous driving electrode, and a molecule X (solvent, 
electrolyte or redox active molecule) will be reduced to X– at the 
surface of the organic driving electrode (Scheme 2). These redox 
reactions take place far from the surface of each pole of the BPE 
and any products formed do not influence the electrochemical 
reactions taking place at the surface of the BPE. As depicted in 
Scheme 2, if we consider each compartment in isolation, the 
Perspective Phys. Chem. Chem. Phys. 
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
aqueous pole of the BPE experiences a relatively negative 
electric field (–) at its location within that compartment, 
whereas the organic pole of the BPE experiences a relatively 
positive electric field (+). Thus, cations migrate towards the 
aqueous pole of the BPE, forming a cation rich layer at its 
surface, and anions migrate towards the organic pole of the BPE 
(Scheme 2). 
Let’s now consider the situation when o
w is polarized 
sufficiently positive to induce electron transfer between two 
redox couples, one in each compartment, as described in Eqns 
(4) to (6). In the organic compartment, Do
0  will be oxidized at the 
organic pole of the BPE, see Eqn (5), with the concurrent 
reduction of molecule X at the surface of the driving electrode 
maintaining electroneutrality (Scheme 2). Simultaneously, in 
the aqueous compartment,  Aw
0  will be reduced at the aqueous 
pole of the BPE, see Eqn (6), with the concurrent oxidation of 
molecule M at the surface of the driving electrode maintaining 
electroneutrality (Scheme 2). 
4. Experimental variables that influence the 
position of the Line of Zero Overpotential (LZO) on 
the BPE at steady-state conditions under an 
external bias 
In this section, we discuss the equilibrium Galvani potential 
difference established between the aqueous and organic poles 
of the BPE both prior to and after application of an external bias. 
Furthermore, we introduce the concept of the Line of Zero 
Overpotential (LZO) and the thermodynamic theory outlining 
how various experimental variables can influence the position 
of the LZO on the BPE at steady-state conditions under an 
external bias. This theory builds on previous work regarding 
“redox electrocatalysis” by conductive floating BPEs, i.e., a film 
of gold NPs at the liquid-liquid interface, in a 4-electrode OBPEC 
with immiscible aqueous-organic solutions.29,31 
An electric field is established between the two driving 
electrodes upon external polarization. The magnitude of the 
electric field varies at each location along the BPE in parallel to 
the driving electric field. However, a key point is that the BPE is 
an equipotential body and has a floating potential or Fermi level 
(𝐸F,BPE). The aqueous and organic electrolyte solutions are 
polarized in the presence of an applied electric field and the 
magnitude of the potential drop across the organic phase far 
exceeds that taking place in the aqueous phase. This is because 
the aqueous and organic phases are fundamentally different in 
terms of their conductivities, with a much larger iR drop 
experienced in the organic phase. The typical organic phases 
utilized in OBPEC experiments, 1,2-dichloroethane and -
trifluorotoluene, have much lower relative permittivities ( = 
10.4 and 9.2, respectively)39 than water ( = 80.1) at 20°C. 
Additionally, the usual organic electrolyte salt employed, 
bis(triphenylphosphoranylidene) ammonium 
tetrakis(pentafluorophenyl)borate, is poorly dissociated into its 
constituent ions in organic solvents by comparison with an 
aqueous electrolyte salt, such as sodium chloride (NaCl), which 
completely dissociates in water. 
When the BPE is brought in contact with the aqueous and 
organic solutions, prior to polarization using a potentiostat 
(designated herein as time zero, t = 0), a potential difference 
between the aqueous and organic solutions, i.e., an equilibrium 
Galvani potential difference (o
weq.
𝑡=0), is immediately 
established and defined as: 














































⊖  is the standard Galvani potential difference for 

















    (10) 
Thus, at t = 0, the BPE is in contact with both phases, and 




𝑡=0) between the two phases is established. 
However, in the absence of an applied external bias between 
the drivin electrodes at t = 0, electrons cannot flow to establish 
a new equilibrium due to the lack of a mechanism to maintain 
electroneutrality in each phase, as discussed vide supra. Only by 
polarizing the driving electrodes in the 4-electrode CBPEC with 
immiscible aqueous-organic solutions using an external power 
supply, can we change the potential of the aqueous redox 
couple with respect to the organic redox couple at the surface 








o . In other 
words, by external polarization, we are varying the 𝑒S term in 
Eqn (2) for a single species, thus changing o
w. For one mole of 









w , see 
Eqns (7) and (8). Thus, a new value of o
w
eq.
𝑡=𝑥  is established at 









w,𝑡=𝑥  than was the case at t = 0. Under 









o , the surface concentration ratios of 









𝑠 ) redox species adjust at the organic and aqueous poles of 
the BPE, respectively, by electrons flowing along the BPE. From 
the Nernst equation, the latter changes the potential of the 
aqueous redox couple with respect to the organic redox couple. 
The driving force or overpotential (in volts) for the cathodic 
reduction reaction at each location on the aqueous pole of the 
BPE is the difference between the Fermi levels of the electrons 







         (11) 
Similarly, the overpotential for the anodic oxidation reaction at 








         (12) 
It is important to note, that as in any double-layer between a 
solid and an electrolyte solution, the potential difference or 
overpotential in this case, has a distribution normal to the 
electrode surface. Therefore, only redox couples close to the 
surface of each pole of the BPE experience this force. Thus, the 
equilibrium Galvani potential difference between any two 
locations on the anodic organic and cathodic aqueous poles of 
the BPE in parallel to the electric field is equal to the sum of the 
overpotentials for the anodic and cathodic reactions at those 
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locations. Prior to the external application of an electric field at 




𝑡=0 between all locations on the 
aqueous and organic poles of the BPE. Subsequently, upon 
varying o








is maximized at the extremities of the aqueous and organic 
poles of the BPE. 
The rates of both the oxidation and reduction 
electrochemical half-reactions under external bias can be 
considered to follow Butler-Volmer kinetics using the Fermi 
levels of solid electrodes and redox couples in solution instead 
of electrode potentials. These rates are governed by an 
exponential term dependent on the driving force (i.e., either 
cat. or an.), the rate constant, 𝑘
0 (which is independent of the 
overpotential), and the surface concentrations of the reactant 
species. 
Comparisons of the effects of external bias on the Fermi 
levels of the electrons in solution, and subsequently the 
thermodynamics of Fermi level equilibration between electron 
donor and acceptor redox couples at opposite poles of the BPE, 
are shown for 4-electrode CBPECs with aqueous electrolyte 
solutions in both compartments (Scheme 3A) or with immiscible 
aqueous-organic electrolyte solutions (Schemes 3B and C). At t 
= x under the same external bias and between identical 
locations on the BPE, a higher equilibrium Galvani potential 
difference is induced when the redox couples are dissolved 
separately in non-identical aqueous-organic solvents (o
weq.
𝑡=𝑥), 
rather than in identical aqueous solutions (eq.
𝑡=𝑥). The latter is 
due to the magnitude of the potential drop across the organic 
phase far exceeding that across the aqueous phase, as 
discussed vide supra, and therefore in turn the magnitude of 
an.
𝑡=𝑥 being greater for an electron donor dissolved in an organic 
electrolyte solution than in an aqueous electrolyte solution, see 
Scheme 3A(i) and B(i). Thus, a major advantage of using non-
identical solvents is the lower electric field necessary to 
establish a significant equilibrium Galvani potential difference 
between the extremities of the BPE in order to drive the bipolar 
redox reaction with satisfactory kinetics. 
The following discussion focusses on the use of a 4-electrode 
CBPEC with immiscible aqueous-organic solutions and the 
electron donor species dissolved in the organic compartment, 
as depicted in Scheme 3B. However, all aspects of this 
discussion are equally applicable to a 4-electrode CBPEC with 
aqueous solutions in both compartments, as depicted in 
Scheme 3A, by simply substituting the relevant terms. As the 
reactions at the opposite ends of the BPE in each compartment 
proceed, from t = x, when o
w was initially varied by external 
polarization, until a steady-state or equilibrium between the 
anodic and cathodic half-reactions is reached, defined as time 
equal to infinity (t = ), the position of 𝐸F,BPE constantly shifts. 
During this time, electrons flow from the organic to aqueous 









w  rising 









𝑠  surface concentration ratios 
adjust. Finally, at steady-state and under an applied bias, the 
Fermi level of the electrons in the BPE and the Fermi levels of 
the electrons in both solutions are equal. This equilibria may be 
defined as the LZO, with no net current flowing between either 










o,𝑡=      (13) 
If we assume that concentration polarization does not occur, no 
kinetic limitations to Fermi level equilibration are present, the 
back-reactions are negligible, and the BPE is chemically inert in 
both the aqueous and organic compartments, the current for 
both reactions at the opposite poles of the BPE should be 
identical. The current for the reduction half-reaction at the pole 
of the BPE in the aqueous compartment (𝑖BPE





𝑠 𝑒(1−w)𝑛wcat./𝑅𝑇      (14) 
where 𝐴BPE
w  is the area of the pole of the BPE in the aqueous 
compartment undergoing the electrochemical reaction 
described in Eqn (6), 𝑘w
0  is the potential-independent rate 
constant at the aqueous pole of the BPE, and w is the charge 
transfer coefficient in the aqueous phase (commonly close to 
0.5). 
Correspondingly, the current for the oxidation half-reaction 
at the pole of the BPE in the organic compartment (𝑖BPE
o , see 





𝑠 𝑒−o𝑛oan./𝑅𝑇       (15) 
Note that the oxidative current is defined as positive, in 
accordance with IUPAC definition. Also, the terms cat. and an. 
contain the Galvani potentials for both phases. 
Thus, at steady-state conditions under an external bias, the 
LZO or 𝐸F,BPE
𝑡=  can be defined as: 
LZO = 𝐸F,BPE
𝑡= =
((1 − w)𝑛w𝐸F, Aw0 /Aw
𝑛w−



















Numerical methods are required if the back-reactions cannot be 
neglected as the situation becomes too complicated to be easily 
solved analytically. For simplicity, if w = o = 0.5 and 𝑛w =


























In Scheme 3B we discuss the scenario for a strong reductant 








w,𝑡=0 , see 
Scheme 3B(i) and (ii), solid lines. In this situation, once 
electroneutrality is maintained in both phases by redox 
reactions at each driving electrode upon moderately biasing 
o
w positively by external polarization, a significant o
weq.
𝑡=𝑥  is 
established and electrons should flow “spontaneously” along 
the BPE at t = x with fast kinetics, see Scheme 3B(i) and (ii), 
dotted lines. Let’s now consider the scenario for a weak 









see Schemes 3C(i) and (ii), solid lines. In this situation, to force 
electron transfer to happen (both with a thermodynamic driving 
force and in practice with fast kinetics), a very large bias of o
w 
using an external power source is applied such that the order of 









w,𝑡=𝑥 , see Schemes 3C(i) and (ii), dotted lines. Now 
electron transfer proceeds until equilibrium is reached at t =  
and the LZO is defined, see Scheme 3C(ii), dashed line. 
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Scheme 3 Schematics comparing the effects of external bias on the Fermi levels of the electrons in solution (in each part (i)), and subsequently the thermodynamics of Fermi level 
equilibration between electron donor and acceptor redox couples at opposite poles of the BPE (in each part (ii)), are shown for 4-electrode CBPECs with aqueous electrolyte solutions 
in both compartments (a) or with immiscible aqueous-organic electrolyte solutions (b, c). For the 4-electrode CBPEC with aqueous electrolyte solutions in both compartments, the 
inner potentials of the two aqueous phases are designed as w(1) and w(2), respectively, and the equilibrium Galvani potential difference established on application of an external 
bias at t = x is designated as eq.
𝑡=𝑥. The latter is designed as o
weq.
𝑡=𝑥 for the 4-electrode CBPECs with immiscible aqueous-organic solutions. In all schemes, the Fermi levels of the 
electrons in solution prior to the application of an external bias at t = 0 are represented by solid black lines, whereas on application of an external bias at t = x they are represented 
as dotted black lines. The equilibrium positions at t =  are represented by dashed black lines. The schematics of the 4-electrode CBPECs in (a) and (b) represent the scenario when 










. The opposite scenario is depicted 








w,𝑡=0 . In each part (ii), when the Galvani potential difference is biased sufficiently positive at time x using an external power source, the oxidation and 
reduction electrochemical half-reactions proceed at opposite ends of the BPE in each compartment from t = x until equilibrium is reached at t =  (note that in (a)  = (w(1) −
w
(2))  and in (b, c) o
w = (w − o)). During this time, the positions of the Fermi levels of the electrons in both solutions at the surface of the BPE lower (for the anodic half-
reaction) or raise (for the cathodic half-reaction), as indicated by the orange and blue arrows. At equilibrium, under an applied external bias, the Fermi level of the electrons in the 
BPE and the Fermi levels of the electrons in both solutions at the surface of the BPE are equal. This is defined as the Line of Zero Overpotential (LZO) on the BPE. For schemes (b) 








𝑏  and 𝐴BPE
o 𝑘o
0  ≈ 𝐴BPE
w 𝑘w










. The same is true 








𝑏  and 𝐴BPE(2)
w 𝑘w(2)




Phys. Chem. Chem. Phys. Perspective 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  
Please do not adjust margins 
Please do not adjust margins 









𝑏 , are similar and concentration polarization is 
ignored, then the different relationships between 𝐴BPE
w 𝑘w
0  and 
𝐴BPE
o 𝑘o
0 significantly influence the position of the LZO, as 
illustrated in Schemes 3 and 4, and discussed in detail vide infra. 









o . Firstly, if the areas 
for both reactions are the same at the opposite poles of the BPE 
(𝐴BPE
o ≈ 𝐴BPE
w ) and both reactions proceed with similar 
potential-independent rate constants (𝑘o
0  ≈ 𝑘w





0  and under an applied bias the position of the 
LZO is half of the sum of the Fermi levels of the two redox 









w,𝑡=𝑥 . This is the situation illustrated in 
Schemes 3B(ii) and C(ii). Slow kinetics for one of the reactions, 
for example the oxidation reaction, can be compensated if the 





0  but 𝑘o
0  ≪ 𝑘w
0 , with the two 









increase, e.g., at t = x in Scheme 3B(ii), or invert, e.g., at t = x in 
Scheme 3C(ii), the position of the LZO remains in the middle. 
It is worth noting that for a 4-electrode CBPEC with identical 









w,𝑡=𝑥 , applying a 
positive bias will affect the overpotentials for the oxidation and 
reduction half-reactions equally at each pole of the BPE, see 
Scheme 3A(i). Thus, for locations on the anodic organic and 
cathodic aqueous poles, equidistant from the mid-point of the 
BPE in parallel to the driving electric field, an.
𝑡=𝑥 = cat.
𝑡=𝑥. This is 
not the case for a 4-electrode CBPEC with immiscible aqueous-
organic solutions, once more due to the magnitude of the 
potential drop across the organic phase far exceeding that 
across the aqueous phase, as discussed vide supra, leading to 
an.
𝑡=𝑥 > cat.





0 , additional driving force 
(overpotential) is required to drive the reduction half-reaction 
at the aqueous pole (Eqn (6)) at the same rate as the oxidation 
half-reaction at the organic pole (Eqn (5)). At steady-state under 




o,𝑡=𝑥 , see 
Scheme 4A, dashed line. This situation can arise when either (i) 
𝐴BPE
o ≫ 𝐴BPE
w  and 𝑘o
0  ≈ 𝑘w




0  and 𝑘o
0  ≫
𝑘w
0 , or (iii) 𝐴BPE
o ≫ 𝐴BPE
w  and 𝑘o
0  ≫ 𝑘w
0 . In this scenario, the BPE 
undergoes capacitive charging with electrons to raise the LZO 
and ensure that the reduction reaction in the aqueous 





0 , additional driving force is 
required to drive the oxidation half-reaction at the organic pole 
(see Eqn (5)) at the same rate as the reduction half-reaction at 
the aqueous pole (see Eqn (6)). At steady-state under an 




w,𝑡=𝑥 , see 
Scheme 4B, dashed line. This situation can arise when either (i) 
𝐴BPE
o ≪ 𝐴BPE
w  and 𝑘o
0  ≈ 𝑘w




0  and 𝑘o
0  ≪
𝑘w
0 , or (iii) 𝐴BPE
o ≪ 𝐴BPE
w  and 𝑘o
0  ≪ 𝑘w
0 . In this scenario, the BPE 
is completely discharged of electrons to lower LZO and ensure 
that the oxidation reaction in the organic compartment will 
have a very high driving force. 




0 , the kinetics are reasonably 
facile, and concentration polarization is ignored, then an excess  
of bulk concentration of one redox species over the other 







𝑠  ratio in Eqn (17) is then solely 
controlled by the surface concentration ratio 𝑐Aw0
𝑠 /𝑐Do0
𝑠 , see 


















𝑠  adjust to the 
new o
weq. at the poles of the BPE in the organic and aqueous 
compartments, respectively, 𝑐Aw0
𝑠  decreases significantly 
whereas 𝑐Do0














o,𝑡=0 . As the electron transfer reaction proceeds from 





o  continues to remain pinned and the LZO 




o,𝑡=0 , see Scheme 4C, dashed line. In 
this scenario, the organic redox couple in excess,  Do
𝑛o+/Do





𝑏 , effectively acts as an electrode to reduce the 
aqueous redox couple,  Aw
0 /Aw
𝑛w−, as described in Eqns (5) and 
(6). Now the system response becomes identical to that of a 
conventional three-electrode electrochemical cell, controlled 
by the electrochemical reaction taking place at the pole of the 














w,𝑡=0 , see Scheme 4D, dashed line, and the system 
response is controlled by the electrochemical reaction taking 
place at the pole of the BPE in the organic compartment (Eqn 
(5)). 
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Scheme 4 Schematics comparing the effects of various experimental variables on the thermodynamics of Fermi level equilibration between electron donor and acceptor redox 









w,𝑡=0 ). In all schemes, the Fermi levels of the electrons in solution prior to the application of an external bias at t = 0 are represented by solid black lines, 
whereas on application of an external bias at t = x they are represented as dotted black lines. The equilibrium positions at t =  are represented by dashed black lines. In schemes 








𝑏 ) and the influence of the relationships between the area of the poles of the BPE and the potential-































Finally, it is worth considering what happens once a steady-
state has been reached under an external bias, the LZO has been 
established as defined in Eqn (17), and then the biasing of the 
driving electrodes in each phase is switched off. During the 
bipolar electrochemical reaction, only the surface 
concentration ratios of the redox couples at each pole of the 
BPE are adjusted in each compartment until Fermi level 








o  at the 
surface of the aqueous and organic poles of the BPE, 
respectively). Therefore, on switching off the driving electrodes, 
with sufficient time for the redox species in bulk to mix with the 
redox species at the surface of each pole of the BPE, the 
concentration ratios at the surface will once again match the 
concentrations ratios in bulk (as was the case initially at t = 0 
before biasing the driving electrodes). 
The principles and equations outlined in this section provide 
the conceptual and theoretical platform to perform finite 
element simulations modelling the observed or expected 
electrochemical responses for 4-electrode CBPEC systems. In 
particular, such simulations will be essential to derive 
quantitative meaning from electrochemical experiments 
performed with in-built asymmetries (reaction area, kinetics, 
redox potentials, etc.) influencing the redox processes at each 
pole of the BPE. 
5. The basis of the features of a cyclic 
voltammogram obtained in a 4-electrode CBPEC 
with immiscible aqueous-organic solutions 
A sample cyclic voltammogram from a 4-electrode CBPEC with 
immiscible aqueous-organic solutions is shown in Fig. 1. 
Equimolar solutions of Aw
0  and Do
0  are present in the aqueous 
and organic compartments, as depicted in Scheme 2. Details of 
the experimental procedure to calibrate the raw CV data to the 
Galvani scale (o
w / V) is beyond the extent of this perspective 
but has been described previously.27,31,32 In Fig. 1, the redox 
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w,𝑡=0  based 
on their standard redox potentials. Thus, at t = 0, no current 
flows through the BPE due to the lack of a mechanism to 
maintain electroneutrality in each phase prior to applying an 
external bias, and an equilibrium Galvani potential difference 
(o
weq.
𝑡=0) is established. 
The observed CV in Fig. 1 may be understood using the 
theory outlined vide supra. The starting applied Galvani 
potential difference (o
w) for the CV is –0.65 V, the switching 
o
w is +0.25 V and the final o
w is –0.65 V. The scan direction 
is indicated by the red arrows. Initially, from –0.65 V to ca. –0.50 
V no noticeable electron transfer takes place. This indicates 
that, at these o
w values, the overpotentials for the anodic 
(an.) and cathodic (cat.) half-reactions at the ends of each pole 
of the BPE, and hence the equilibrium Galvani potential 
difference (o
weq.
𝑡=𝑥), are not sufficient to drive electron transfer 
between the redox couples in each compartment with 
significant kinetics. Only once o
w is polarized more positively, 




𝑡=𝑥  is of sufficient magnitude to induce 
electron transfer along the BPE with appreciable kinetics, 



















redox species to adjust at the organic and aqueous poles of the 
BPE, respectively. When the sweep direction is reversed and 








𝑠   
adjust again and current flows from the aqueous to organic 
compartment giving rise to a negative peak on the CV. 
 
 
Fig. 1 Cyclic voltammograms (CV) for a 4-electrode CBPEC with immiscible aqueous-
organic solutions with (red solid CV) or without (black dash-dot CV) a hydrophilic electron 
acceptor species (Aw
0 ) in the aqueous phase and a lipophilic electron donor species (Do
0) 










w,𝑡=0 , and neither redox species was in excess. The BPE consisted of two metallic 
electrodes (e.g., platinum or gold electrodes are ideal), one immersed in each phase and 
connected by an electric wire. The BPE is chemically stable under the experimental 
conditions employed. The driving electrodes in each phase were platinum wires and the 
pseudo-reference electrodes were Ag/AgCl wires, one immersed in the aqueous 
electrolyte and the other in the organic reference solution in the organic compartment. 
The aqueous phase was a solution of sodium chloride and the organic phase was -
trifluorotoluene with bis(triphenylphosphoranylidene) ammonium 
tetrakis(pentafluorophenyl)borate as the supporting electrolyte. The scan rate was 20 
mVs–1. The oxidation and reduction half-reactions occurring at the organic and aqueous 
poles of the BPE are described by Eqns (5) and (6), respectively. The directions of the two 
half-reactions giving rise to the anodic and cathodic peaks are shown in the text boxes. 
Based on the CV in Fig. 1, if a chronoamperometric 
experiment was carried out and o
w set to +0.1 V, electrons 
would flow from the organic to aqueous compartments, as 


















𝑠  adjust, immediately 
decreasing the magnitude of the observed positive current. 
Eventually, a small positive steady-state current would be 
established, indicating that the Fermi level of the electrons in 
the BPE and the Fermi levels of the electrons in both solutions 
were nearly equal and the LZO on the BPE was being 
approached. The LZO is never actually reached, however, with 
a small current always flowing from the organic to aqueous 
compartments under external bias. 
It is worth re-iterating that the peaks on the forward and 
reverse CV sweeps in Fig. 1 indicate the progress of two half-
reactions. Thus, in a conventional 3-electrode electrochemical 
cell, the peak on the forward sweep with a positive current 
simply means the species in solution is being oxidized at this 
potential on the working electrode. However, in the 4-electrode 
CBPEC with immiscible aqueous-organic solutions, the peak on 
the forward sweep with a positive current indicates the flow of 
negative charge, i.e., electrons, from the organic to aqueous 
compartment with concomitant reduction of  Aw
0  to Aw
𝑛w− and 
oxidation of Do
0  to  Do
𝑛o+, as outlined in Eqns (5) and (6). When 
the sweep direction is reversed and scanned negatively, at ca. –
0.1 V the back-reactions of Eqns (5) and (6) take place and now 
negative charge flows from the aqueous to organic 
compartment producing the peak on the reverse sweep with a 
negative current. 
6. Conclusions 
Herein, we have summarized the current state-of-the-art in the 
emerging fields of open and closed bipolar electrochemistry in 
a 4-electrode configuration with a focus on immiscible aqueous-
organic electrolyte solutions. We have presented theory based 
on Fermi level equilibration between redox species in separate 
immiscible solutions, both in contact with opposite poles of a 
bipolar electrode and subject to an external bias, to understand 
the thermodynamics underpinning the technique of closed 
bipolar electrochemistry in a 4-electrode configuration with 
immiscible aqueous-organic electrolyte solutions. In particular, 
we have focused on the concept of the Line of Zero 
Overpotential (LZO) on the bipolar electrode, which is 
equivalent to the Fermi level of the bipolar electrode at steady-
state conditions under an external bias (𝐸F,BPE
𝑡= ). In particular, 
we outlined the various experimental conditions, such as an 
excess of a redox species in one compartment over the other, 
different kinetics for the redox reactions taking place at each 
pole of the bipolar electrode, and the area of the poles of the 
bipolar electrode in contact with each electrolyte solution, on 
the final position of the LZO. This theory will provide the 
framework for understanding all future applications of closed 
bipolar electrochemistry in a 4-electrode configuration with 
immiscible aqueous-organic electrolyte solutions to spectro-
electroanalysis, energy storage, electrocatalysis, photo-
electrodechemistry, and electrodeposition. Furthermore, the 
theory presented herein is equally applicable to an all-aqueous 
based closed bipolar electrochemical cell in a 4-electrode 
configuration, i.e., two compartments with aqueous electrolyte 
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solutions containing redox active species and connected by a 
bipolar electrode. 
Glossary of abbreviations and symbols 
AVS = absolute vacuum scale. 
Aw
0  (or Aw
𝑛w−) = oxidized (or reduced) form of the aqueous 
electron acceptor. 
𝐴BPE
w  (or 𝐴BPE
o ) = area of the pole of the bipolar electrode in the 
aqueous (or organic) compartment undergoing an 
electrochemical half-reaction. 
BPE = bipolar electrode. 









𝑏 ) = ratio of the bulk concentrations of 









𝑠 ) = ratio of the surface concentrations 
of the aqueous (or organic) redox species. 
w (or o) = charge transfer coefficient in the aqueous (or 
organic) phase. 
Do
0  (or Do
𝑛o+) = oxidized (or reduced) form of the organic 
electron donor. 
𝑒 = the elementary charge. 
ECSOW = electron conductor separating oil-water. 
ECL = electrochemiluminescence. 
𝐸F,Ox/Red
S  = Fermi level of a redox couple in solution S. 









o ) = Fermi level of the electrons in the 
aqueous (or organic) redox couple. 
[Fe(III)(CN)6]3–/Fe(II)(CN)6]4– = ferri-/ferrocyanide redox couple 
F= Faraday’s constant. 
Fc+/Fc = ferrocenium cation/ferrocene redox couple. 

S = Galvani (inner) potential of solution S. 
𝑜
𝑤 = Galvani potential difference between the aqueous (w) 
and organic (o) solutions. 
o




⊖  = standard Galvani potential difference for the 
heterogeneous electron transfer. 
𝐺Red
⊖  = standard Gibbs energy of reduction. 
HET = heterogeneous electron transfer. 
𝑖BPE
w  (or 𝑖BPE
o ) = current for the half-reaction at the pole of the 
bipolar electrode in the aqueous (or organic) compartment. 
𝑘w
0  (or 𝑘o
0) = potential-independent rate constant at the 
aqueous (or organic) pole of the bipolar electrode. 
ITIES = interface between two immiscible electrolyte solutions. 
LZO = line of zero overpotential. 
Na = Avogadro’s constant. 
NP = nanoparticle. 
𝑛w (or 𝑛o) = number of electrons exchanged for the aqueous (or 
organic) redox couple. 
OBPEC= open bipolar electrochemical cell. 






= potential of the standard hydrogen electrode 




















)= standard redox potential of 
the aqueous electron acceptor (or organic electron donor). 
̃𝑒−
S  = electrochemical potential of an electron in Ox/Red in 
solution S. 
̃Ox
S  (or ̃Red
S ) = electrochemical potential of oxidation (or 





⊖,S ) = standard chemical potential of oxidation (or 
reduction) in solution S. 
𝑒−
S  = real chemical potential of an electron in Ox/Red in 
solution S. 
S = outer potential of solution S. 
S = surface potential of solution S. 
SHE = standard hydrogen electrode. 
SWCNT = single-walled carbon nanotube. 
cat. (or an.) = overpotential, i.e, driving force, for the cathodic 
reduction (or anodic oxidation) reaction. 
S = work function of solution S. 
z = charge on poles of the bipolar electrode. 
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